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a b s t r a c t
Recovery of rare earth ions from wastewater holds an important strategy for the use of the precious resources. In
this study, we found that a metal-organic framework (MOF), HKUST-1, exhibited a high aﬃnity and selectivity
towards adsorptive recovery of rare earth ions (Ce3+ and La3+ ) in aqueous solutions. The adsorbent showed a
remarkable adsorption capacity of 234 mg/g and 203 mg/g for Ce3+ and La3+ at pH = 6, respectively. More importantly, its adsorption selectivity of the rare earth ions was about 87% against other metal ions. The adsorption
isotherm, kinetics, and mechanism in the process were also investigated. The adsorption process can be better
ﬁt by the Freundlich model in isotherm and the pseudo-second-order model in kinetics. A plausible mechanism
for the adsorption of metal ions on the HKUST-1 was proposed by considering ion exchange and the covalent
bonding between the adsorbent and metal ions. The selectivity can be attributed to the diﬀerent bonding abilities
to metal ions.

1. Introduction
Rare earth elements (REEs) such as lanthanum and cerium, which
can be used in numerous high-tech devices, are of critically low reserves
on the Earth [1–5]. With the increasing demand of REEs, more and more
eﬄuents of them from the processes of mining, stacking and puriﬁcation have been discharged into the environment [6–10]. This not only
wastes the resources, but also causes serious water pollution. Therefore, it is necessary to explore an eﬀective way to extract REEs from the
waste streams. Among various methods, adsorption holds considerable
promises because of the low-cost operation and eﬃcient capture ability [11,12]. Porous materials, for examples, activated carbon, alumina,
zeolite and biomass, have demonstrated competing performances for adsorption. However, these traditional adsorbents are limited by either a
lower adsorption capacity or poor selectivity.
Recently, considerable research interests have been focused on crystalline porous materials, metal-organic frameworks (MOFs), which have
a tailored pore structure with a ultra-high surface area by the diﬀerent
conﬁgurations of organic and metallic components [13,14]. On the basis of these characteristics, MOFs have been used for a variety of applications including gas storage and separation [15–17], drug delivery
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[18–20], catalysis [21–23], sensing [24–26] and elimination of heavy
metal ions [27–29].
HKUST-1 is one of the widely studied MOF materials. Also, it is commercially available, and thus has been widely used in gas adsorption and
removal of aqueous pollutants [15, 30–32]. However, few works have
focused on the adsorption capacity of rare earth ions on HKUST-1, especially for the selective adsorption of rare earth ions from the mixed
solution with a variety of metal ions. Generally, rare earth ions are always in company with other metal ions during the process of mining
[6], so selective adsorption of the rare earth ions is of high importance
and practical values.
In our previous study [33], a HKUST-1 was tested in single Ce3+
ion solution for the adsorption mechanism and reusability, while the effect of associated metal ions on the adsorption of rare earth ions (such
as Ce3+ and La3+ ) was not examined. In the present work, we prepared
HKUST-1 by a new solvothermal method and systematically investigated
its selective adsorption behavior towards REEs in a solution with multiple ions. Based on the real mining situation, diverse metal ions with
diﬀerent valence states were selected as the interference ions, and high
adsorption selectivity of REEs on HKUST-1 was achieved. Adsorption
kinetics and equilibrium isotherm were determined at diﬀerent conditions by varying the contact time, initial concentration of the REEs, and
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solution pH. It was found that HKSUT-1 demonstrated fast removal kinetics and a high selective adsorption capacity of REEs.
2. Experimental
2.1. Chemicals and HKUST-1 synthesis
Most of the chemicals including trimesic acid (H3 BTC), copper (II) nitrate trihydrate (Cu(NO3 )2 •3H2 O), zinc nitrate hexahydrate (Zn(NO3 )2 •6H2 O), lanthanum (III) nitrate hexahydrate (La(NO3 )3 •6H2 O), cerium (III) chloride heptahydrate
(CeCl3 •7H2 O), magnesium chloride hexahydrate (MgCl2 •6H2 O),
N,N-dimethylformamide (DMF), hydrochloric acid (37%), sodium
hydroxide, and methanol were obtained from Sigma-Aldrich. These
chemicals are in a high purity and used without further puriﬁcation.
For the preparation of solutions, ultrapure water obtained from a
Hydro-Check 414R puriﬁcation system (18 MΩ cm) was used.
HKUST-1 synthesis was carried out by a reported solvothermal method with some modiﬁcations [15]. For the preparation,
Cu(NO3 )2 •3H2 O (1.5 g), H3 BTC (0.75 g) and DMF (37.5 mL) were well
mixed by stirring and then transferred into a Teﬂon-lined steel autoclave (100 mL), which was heated in a convection oven to 75 °C and
maintained for 24 h. After ﬁltration and DMF washing for three times,
crystalline precipitates were collected and further treated by immersing
in a DMF solution (50 mL) for 8 h. The ﬁnal product was obtained by
separation and drying at 150 °C for 12 h in a vacuum oven.
2.2. Characterizations
The crystalline structure of the HKUST-1 was determined by powder
X-ray diﬀraction (XRD) from 5 to 40° (0.02° per step) using a diﬀractometer of D8 Advance-Bruker aXS with Cu K𝛼 radiation (𝜆 = 1.5406 Å).
Surface morphology was investigated by scanning electron microscopy
(SEM) on a Zeiss SUPRATM 55VP and element mapping was attained
from a Horiba Emax energy dispersive X-ray spectrometer (EDS). The
surface functionalities were checked by a Perkin Elmer FT-IR Spectrum
100 using an attenuated total reﬂectance technique in a range of 4000
- 650 cm−1 . The Raman spectra were determined on a Renishaw Raman microscope at room temperature using a laser with an excitation
wavelength of 785 nm. X-ray photoelectron spectroscopy (XPS) was performed with an Al K𝛼 X-ray source on a Thermo Escalab 250.
The surface area and porosity of HKUST-1 samples were examined
by a nitrogen adsorption analyzer (Micromeritics, TriStar II PLUS). Before the adsorption, the samples were subjected to vacuum puriﬁcation
at 150 °C for 12 h. Thermogravimetric analysis of fresh and regenerated samples was also conducted using a TGA/DSC1 STARe system from
METTLER TOLEDO, USA. For the analysis, an argon gas was ﬂown at
10 mL/min in the furnace, which was heated at a rate of 10 °C/min to
700 °C. After the adsorption, metal leaching in the solution was determined on a PerkinElmer, Optima 8300 equipment of inductively coupled
plasma optical emission spectrometry (ICP-OES). The zeta potential of
HKUST-1 in ultrapure water was measured on a zeta potential analyzer
(Malvern Instrument Co., ZEN 2010, UK).
2.3. Adsorption tests
Stock solutions of Mg2+ , La3+ , Ce3+ , Zn2+ , Co2+ and Cr3+
were prepared from MgCl2 •6H2 O, La(NO3 )3 •6H2 O, CeCl3 •7H2 O,
Zn(NO3 )2 •6H2 O, Co(NO3 )2 •6H2 O and Cr(NO3 )2 •9H2 O at a concentration of 1000 mg/L by dissolution of the corresponding salts in ultrapure
water. For batch adsorption tests, the stock solution was diluted at different concentrations of 100 mL solution and mixed with 100 mg of
adsorbents. The mixture solution was put in a temperature-controlled
shaker at 25 °C with an agitation speed of 150 rpm. After the period of
equilibrium, some solutions were withdrawn and centrifuged for 5 min.

Chemical Engineering Journal Advances 1 (2020) 100009

The concentrations of Ce3+ , La3+ , Zn2+ , Mg2+, Cu2+ , Co2+ and Cr3+ in
clean solutions were determined by ICP-OES.
For the eﬀect of solution pH, the initial solution pHs were adjusted
between 2 and 6 using 0.1 mol/L HCl or NaOH, due to REE precipitation
at pH>6 [12]. For kinetic investigation, the adsorption runs were conducted within a period of time, 30 - 480 min. For adsorption isotherms
of Ce3+ , La3+ , Zn2+ , Mg2+ , Co2+ and Cr3+ , the tests were run at varying concentrations up to 1000 mg/L. The ion removal eﬃciency (𝜂, %),
selectivity (s, %) and adsorption capacity (qt , mg/g) were calculated
according to the following equations, (1), (2) and (3), respectively.
(
)
η = C0 − Ct ∕C0 × 100%
(1)
s = qREE ∕qtotal

(2)

(
)
qt = C0 − Ct V∕m

(3)
Ce3+ ,

where, C0 and Ct are the initial and residual concentrations of
La3+ , Zn2+ , Mg2+ Co2+ and Cr3+ in the solution, respectively. qREE is
the adsorption quantity of Ce3+ and La3+ , while qtotal is the adsorption
quantity of all metal ions. qt is the ion adsorption quantity (mg/g) at
time t, V is the solution volume (L), and m is the weight of HKUST-1
adsorbents (g).
The crystalline stability of HKUST-1 in water was checked. The conditions were maintained similarly to the batch adsorption tests. After the
equilibrium period, the solid sample was collected by a centrifuge and
the water solution was analyzed by ICP-OES for Cu2+ concentration.
After adsorption, HKUST-1 with adsorbed Ce3+ , La3+ , Zn2+ and Mg2+
was tested for their desorption and reuse. The solid samples were immersed in 80 mL of methanol for 12 h and then separated by ﬁltration.
After washing with ultrapure water, the adsorbent solid was dried at
150 °C in a vacuum oven and then collected for recycling adsorption.
2.4. Adsorption kinetic and isothermal models
To study the adsorption kinetics, we used the following pseudo-ﬁrst
order (Eq. (4)) [34] and pseudo-second order (Eq. (5)) models [35].
(
)
ln qe − −qt = lnqe − −K1 t
(4)
t∕qt = 1∕(K2 qe 2 ) + t∕qe

(5)
Ce3+ ,

La3+ ,

Zn2+

where, qt and qe are the amounts (mg/g) of
and Mg2+
adsorbed on HKUST-1 at time t (min) and the equilibrium. K1 (L/min)
and K2 (g/(mg•min−1 )) are the kinetic rate constants of the pseudo-ﬁrstorder and pseudo-second-order models, respectively.
The Langmuir isotherm (Eq. (6)) [36] and Freundlich isotherm models (Eq. (7)) [37] were used to study the adsorption isotherms.
Ce ∕qe = 1∕(qb) + Ce ∕q

(6)

lnqe = lnKf + (1∕n) × lnCe

(7)
Ce3+ ,

La3+ ,

Zn2+

where, qe is the equilibrium adsorption (mg/g) of
and
Mg2+ on HKUST-1, and Ce is their equilibrium concentration (mg/L) in
solution. q is the maximum adsorption capacity (mg/g) of the adsorbent,
and b is the Langmuir constant. Kf is the Freundlich constant and n is
a dependence degree of the adsorption capacity with the equilibrium
concentration.
3. Results and discussion
3.1. Materials properties and structure characterizations
The X-ray diﬀraction patterns of the fresh HKUST-1 and regenerated samples are compared in Fig. 1a. The diﬀraction peaks can be indexed to HKUST-1 MOF [30]. However, the intensities of the diﬀrac-
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Fig. 1. Structure and properties of fresh and regenerated HKUST-1 MOFs. (a) XRD proﬁles, (b) FT-IR spectra, (c) N2 adsorption/desorption isotherms, (d) SEM
image, and (e) TGA proﬁles.
Table 1
The parameters of porous structure of HKUST-1 samples.
Adsorbent

Surface area (m2 /g)
Langmuir

BET

Mean pore diameter (nm)

Total pore volume (cm3 /g)

Fresh
Regenerated sample

1740
28

1187
15

2.1
4.2

0.61
0.02

tion peaks from the regenerated sample are weaker than those of the
fresh one, which should be due to the inﬂuence of adsorbed metal ions.
Fig. 1b shows the FT-IR spectra of the fresh HKUST-1 and the regenerated samples. The characteristic peak of HKUST-1 at 724 cm−1 is attributed to Cu-O bond conﬁrming the metal-linker coordination [31].
Also, the bands at 1370 cm−1 and 1450 cm−1 are assigned to the C–O of
H3 BTC and C=O of H3 BTC, respectively. The broad peak formation at
3128 - 3656 cm−1 indicated the presence of water molecules in HKUST1. After adsorption, the peak at 1110 cm−1 became a double-peak structure and the peak at 2938 cm−1 disappeared, suggesting that the hostguest interacted between HKUST-1 and metal ions. At the same time,
the emerging characteristic peaks at 1540 and 3560 cm−1 conﬁrmed
that Ce3+ and La3+ were introduced into the HKUST-1 skeleton structure
[38,39]. Furthermore, the bonds of Cu-O-Ce and Cu-O-La were possibly
formed.
The nitrogen adsorption-desorption isotherms of the fresh and regenerated HKUST-1 samples are shown in Fig. 1c and Table 1 summarizes
the textural properties. It can be seen that the isotherm of HKUST-1
possesses the property of the Type I isotherm [15]. Compared to the
parent MOF, the regenerated sample showed a decreased surface area
and smaller total pore volume, indicating that the regeneration process
is diﬃcult or the adsorbed metal ions are not easily eluted. The morphology of HKUST-1 is shown in Fig. 1d, revealing the octahedral shape
with clear edges, similar to most of the reported HKUST-1 MOF [30].
Fig. 1e displays the weight loss proﬁles of pristine and the regenerated
samples. The major weight loss occurs at the second stage for both samples, attributing to the structural decomposition of organic linkers. It
can be seen that the regenerated sample is more stable than HKUST-1.
In addition, the higher residual weight on the regenerated sample con-

ﬁrms more metallic species in the sample and the new coordinate bonds,
which is consistent with the FT-IR results.
SEM-EDS elemental mappings of fresh HKUST-1 and the regenerated samples are shown in Fig. 2. Fig. 2a displays the EDX spectrum and
SEM-EDX elemental mapping images of pristine MOF, revealing that
the compositional elements of C, O and Cu are uniformly distributed
on HKUST-1. Fig. 2b shows some obvious changes in the regenerated
sample. Ce3+ , La3+ , Zn2+ , Mg2+ were well distributed on the surface of
HKUST-1, suggesting the successful adsorption of the metal ions on the
adsorbent. However, the atomic contents of the metal ions were diﬀerent, indicating that HKUST-1 has better aﬃnities towards the REEs.
3.2. Eﬀect of solution pH on metal adsorption
The REEs adsorption on HKUST-1 at varying solution pHs was investigated at 25 °C with the initial concentration of ions at 400 mg/L. Fig. 3a
shows that the removal eﬃciencies of all the metal ions enhanced with
the increased pH. The removal eﬃciency did not change signiﬁcantly as
reported in the previous investigations [40,41], which means that the
main mechanism of the metal adsorption on HKUST-1 may not be attributed to the electrostatic interaction. Fig. S1 shows the zeta potential
of HKUST-1 under diﬀerent pH values. As the pH increased, the surface charge of HKUST-1 became more negative; the pH of isoelectric
point for HKUST-1 is 6.1. However, the adsorbents in suspension have
no electric charge but the adsorption capacity of REE is high at this pH,
reconﬁrming that some other factors might aﬀect the adsorption of REE
on HKUST-1.
The removal eﬃciency of REEs was much higher than that of other
metal ions. It can be inferred that HKUST-1 possesses a high selective
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Fig. 2. SEM and EDX elemental distribution mapping analysis of HKUST-1 (a) and
regenerated sample (b).

adsorption capacity for REEs. The equilibrium adsorption capacity and
the selectivity of REEs are illustrated in Fig. 3b and c. Interestingly,
the adsorption capacity between Ce3+ and La3+ was of a little diﬀerence, which can be attributed to the ion exchange and covalent bonding [39,42]. Fig. S2 shows the Cu2+ concentration for ion exchange with
other metal ions in diﬀerent solutions. The capacity of ion exchange of
Cu2+ with other metal ions was very diﬀerent. The ion exchange rate between Ce3+ and Cu2+ was weaker than that between La3+ and Cu2+ , but
the exchange rate is much higher than that of Zn2+ and Mg2+ . Fig. 3d
shows that solution pH signiﬁcantly aﬀected the stability of HKUST-1.
With the increase of pH, Cu2+ concentration reduced to a much low

value at pH 6. Therefore, pH = 6 was selected as the condition for further tests.
3.3. Adsorption kinetics and isotherms
Adsorption isotherms are of importance to the understanding of the
interaction between adsorbent and adsorbate. Freundlich and Langmuir
isotherm models were employed to depict the equilibrium data of the
adsorption process. As shown in Fig. 4a and b that HKUST-1 presents
a typical Freundlich isotherm, corresponding to heterogeneous adsorption sites with varying energies of adsorption [37]. The parameters of
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Fig. 3. Adsorption of La3+ , Ce3+ , Zn2+ and Mg2+ on HKUST-1 at varying pHs. (a) Removal eﬃciencies of diﬀerent metal ions, (b) adsorption capacity, (c) selectivity
of REE, and (d) concentrations of Cu2+ in ultrapure water and mixed metal ion solution. (C0 = 400 mg/L, t = 480 min).

Table 2
The parameters of Freundlich and Langmuir adsorption isotherms
of Ce3+ and La3+ on HKUST-1.
Metal
Ce3+
La3+

Langmuir model
q (mg/g)
b

R2

Freundlich model
n
R2
Kf

558
645

0.982
0.854

28.8
12.2

0.004
0.002

2.43
1.91

0.994
0.919

La3+ and Ce3+ adsorption isotherms are given in Table 2. It is seen that
the correlation coeﬃcients (R2 ) of the Freundlich isotherm model for
the two ions were 0.994 and 0.919, respectively, which were greater
than those of the Langmuir model. Furthermore, the maximum adsorption capacity (q) for La3+ (645 mg/g) on HKUST-1 calculated using the
Langmuir model was higher than Ce3+ (558 mg/g), which shows the
similar tendency to the ion exchange (Fig. S2).
Toward the understanding of the adsorption kinetics of La3+ and
Ce3+ on HKUST-1, the adsorption of La3+ and Ce3+ at diﬀerent time was
evaluated. The adsorption data are ﬁtted by two kinetic models, pseudoﬁrst-order and pseudo-second-order, to obtain the kinetic parameters.
The linear curves of ﬁtting to the two models are illustrated in Fig. 4c
and d, demonstrating that the adsorption process can be better described
by pseudo-second-order kinetics and the adsorption process is controlled
by the chemical interaction. Table 3 lists the ﬁtting kinetic rate constants. The pseudo-ﬁrst-order kinetics do not well ﬁt to the adsorption
process due to the low correlation coeﬃcients (R2 Ce3+ = 0.992, R2 La3+ =
0.969). Meanwhile, the pseudo-second-order model provides the correlation coeﬃcients (R2 ) at larger than 0.99 for Ce3+ and La3+ adsorption
on HKUST-1. The calculated qe Ce3+ (252 mg/g) and qe La3+ (201 mg/g)

are respectively close to the experimental qe Ce3+ (234 mg/g) and qe La3+
(203 mg/g) for the models of pseudo-second-order kinetics.

3.4. Eﬀect of metal ions with diﬀerent valence on REEs selective adsorption
To further conﬁrm the selective adsorption of REEs on HKUST-1,
metal ions with diﬀerent valence states were introduced into the evaluation system. The equilibrium adsorption capacity and selectivity of
REEs are illustrated in Fig. 5. Fig. 5a shows that HKUST-1 exhibits better selective adsorption capacities toward REEs than other metal ions,
which is consistent with the ﬁndings in Section 3.2. When the solution
pH value reached 6, the adsorption capacities of Ce3+ , La3+ , Co2+ and
Cr3+ were 215 mg/g, 194 mg/g, 21 mg/g and 65 mg/g, respectively.
This can be further proved by the fact that the performance of ion exchange and the covalent bonding between HKUST-1 and REEs are more
favorable than that with other metal ions. Interestingly, the adsorption
capacity of Cr3+ on HKUST-1 was better than that of Co2+ , because the
high-valence cations have more favorable binding strengths with the active sites in HKUST-1 [43]. Fig. 5b displays the selectivity of REEs on
HKUST-1 at varying solution pH. When the solution pH reached 6, the
selectivity of REEs on HKUST-1 was 82.6%. Therefore, HKUST-1 still
attained a high adsorption selectivity for REEs in the presence of other
metal ions with diﬀerent valent states.
Table 4 displays the performance comparison of the diﬀerent adsorbents used for selective recovery of Ce3+ and La3+ . Compared with other
MOF adsorbents, HKUST-1 shows a higher adsorption capacity and better selectivity, indicating that HKUST-1 is more suitable for adsorptive
removals of La3+ and Ce3+ [44,45].
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Fig. 4. Linear modeling of kinetics and isotherms of Ce3+ and La3+ adsorption. (a) Langmuir model, (b) Freundlich model, (c) Pseudo-ﬁrst order kinetic and (d)
Pseudo-second order kinetic models.

Table 3
Pseudo-ﬁrst and pseudo-second order model parameters of Ce3+ and La3+ adsorption on HKUST-1.
Metal
3+

Ce
La3+

(qe )Exp. (mg/g)
234
203

Pseudo-ﬁrst order
K1 (min−1 )
(qe )Cal. (mg/g)

R2

Pseudo-second order
K2 (mg/g min)
(qe )Cal. (mg/g)

R2

82
58

0.992
0.969

252
201

0.999
0.998

0.0117
0.0078

0.00013
0.00045

Fig. 5. Adsorption of Ce3+ , La3+ , Co2+ and Cr3+ on HKUST-1 at diﬀerent pH values. (a) adsorption capacity and (b) selectivity of REE. (C0 = 400 mg/L, t = 480 min).
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Table 4
Comparison of the diﬀerent adsorbents used for Ce3+ and La3+ selective recovery.
Adsorbent

Adsorption capacity of Ce3+ (mg/g)

Adsorption capacity of La3+ (mg/g)

Selectivity of Ce3+ and La3+ (%)

Reference

HKUST-1
ZIF-8
MIL-101
MIL-101-DETA
MIL-101-PMIDA
Magnetite@MIL-101-SO3
MOF-808-EDTA

234
—
11.3
52.8
48.3
34.8
—

203
385
14.6
39.7
37.2
—
200

87
—
33
31
28
22
—

This work
[39]
[41]
[41]
[41]
[44]
[45]

Fig. 6. Recycling use of HKUST-1 for Ce3+ (a) and La3+ (b) adsorption. (pH = 6, C0 = 400 mg/g, and t = 480 min).

Fig. 7. (a) XPS survey spectrum and (b) Raman spectra of fresh and the regenerated HKUST-1 samples.

3.5. Reusability and adsorption mechanism
Reusability of the adsorbents was further tested in the recycle experiments (Fig. 6a and b). It was found that the adsorption capacity of Ce3+
and La3+ signiﬁcantly decreased from 234 to 30 mg/g and from 203 to
26 mg/g after recycling HKUST-1 one time. Based on our previous study
[34] and the ﬁndings in Section 3.2, it can be inferred that both ion exchange and the covalent bonding between metal ions and HKUST-1 play
a role in the adsorption process. However, each metal ion possesses a
diﬀerent ability to form the covalent bond with HKUST-1 (such as Cu-OLa and Cu-O-Ce), which causes the selective adsorption between metal
ions and the adsorbents. X-ray photoelectron spectroscopy (XPS) was
employed to conﬁrm the chemical environment. Fig. 7a gives the XPS
full survey spectrum, indicating the presence of C, O and Cu elements
with a small amount of Ce, La, Zn and Mg. It can be found that the
binding energies of the Ce 3d3/2 and Ce 3d5/2 regions are 901.15 and
880.84 eV, the binding energies of the La 3d3/2 and La 3d5/2 regions

are 850.37 and 832.06, respectively. As shown in Fig. 7b, Raman spectra were recorded to illustrate the vibrational properties of the fresh and
used samples. It was shown that the observable peaks at 417, 471, 1093
and 1369 cm−1 are ascribed to ZnO [46], CeO2 [47], La2 O3 [48] and
MgO [49], respectively, which reconﬁrm the intimate contacts between
HKUST-1 and metal ions. The possible mechanism of the adsorption of
rare earth ions on HKUST-1 is illustrated in Fig. S2.
4. Conclusions
In this work, HKUST-1 metal-organic framework was successfully developed for the selective adsorption of rare earth ions (Ce3+ and La3+ )
from aqueous solutions. The adsorption process follows the Freundlich
isotherm, while Langmuir isotherm presented the maximum adsorption
capacity for Ce3+ and La3+ at 234 and 203 mg/g, respectively, at the
optimum pH of 6 with C0 = 400 mg/L. The selectivity toward rare earth
ions was 87% among all the metal ions. In addition, the adsorption was
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well ﬁtted to a pseudo-second-order model. However, the recycled adsorbent displayed a reduced adsorption capacity. The adsorption mechanism of metal ions onto HKUST-1 follows ion exchange with covalent
bonding. This study may contribute to the recovery of precious REEs by
the development of novel porous adsorbents.
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